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Abstract
ZNF804A, a genomewide supported susceptibility gene for schizophrenia and bipolar disorder, has been associated with task-independent
functional connectivity between the left and right dorsolateral prefrontal cortices. Several lines of evidence have converged on the hypothesis
that this effect may be mediated by structural connectivity. We tested this hypothesis using diffusion tensor magnetic resonance imaging in
three samples: one German sample of 50 healthy individuals, one Scottish sample of 83 healthy individuals and one Scottish sample of 84
unaffected relatives of bipolar patients. Voxel-based analysis and tract-based spatial statistics did not detect any fractional anisotropy (FA)
differences between minor allele carriers and individuals homozygous for the major allele at rs1344706. Similarly, region-of-interest analyses
and quantitative tractography of the genu of the corpus callosum revealed no significant FA differences between the genotype groups.
Examination of effect sizes and confidence intervals indicated that this negative finding is very unlikely to be due to a lack of statistical
power. In summary, despite using various analysis techniques in three different samples, our results were strikingly and consistently negative.
These data therefore suggest that it is unlikely that the effects of genetic variation at rs1344706 on functional connectivity are mediated by
structural integrity differences in large, long-range white matter fiber connections.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction
In the ﬁrst large genomewide association study of
schizophrenia, the common single nucleotide polymorphism
(SNP) rs1344706 of the Zinc Finger Protein 804A gene
(ZNF804A) was identiﬁed as the most signiﬁcant genetic
marker (Pb1.61×10−7) [1]. Combining schizophrenia and
bipolar phenotypes showed an even higher association
(Pb9.96×10−9), surpassing genomewide signiﬁcance at
Pb7.2×10−8. Four independent replications have since
conﬁrmed its association with schizophrenia and bipolar
disorder [2–4], and a meta-analysis resulted in P values up to
4.1×10−13 for the combined phenotype [5].
Despite this abundance of statistical evidence for an
association of ZNF804A with psychosis, only modest effect
sizes have been reported with odds ratios of around 1.10
(95% conﬁdence interval 1.07–1.14), and its functional
mechanisms are unclear [6]. Intermediate phenotypes are
therefore especially valuable, giving rise to larger expected
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effect sizes and requiring smaller sample sizes [7]. Two
important prerequisites for intermediate phenotypes are that
they are heritable and expressed in unaffected relatives of the
affected patients. Substantial heritability of white matter
integrity as measured with diffusion tensor magnetic
resonance imaging (DT-MRI), and in particular of fractional
anisotropy (FA), has been ﬁrmly established, with heritabil-
ity estimates (h2) ranging between 0.4 and 0.8 depending on
brain structure, for example, the genu of corpus callosum
with h2 estimated at 0.66 [8,9]. There is also growing
evidence of abnormal white matter integrity in psychosis as
measured by DT-MRI [10,11] and in association with
genetic risk for schizophrenia and bipolar disorder [12–15].
Abnormalities in frontotemporal functional connectivity are
also found in siblings of patients with schizophrenia [16,17],
but the heritability of functional connectivity determined
from functional MRI (fMRI) is less well established, with
one study estimating h2 at 0.42 [18].
It is known that ZNF804A is highly expressed in the brain
and that the presence of A-allele at rs1344704 creates a
myelin transcription factor binding site [2,19]. The most
comprehensive data on ZNF804A function come from
neuroimaging and neuropsychology, collectively indicating
that rs1344706 is associated with brain function. Esslinger
et al. [20] reported reduced functional connectivity between
the left and right dorsolateral prefrontal cortices and
increased frontotemporal functional connectivity in carriers
of the risk allele (A) during a working memory task, ﬁndings
that were (partly) replicated in two subsequent studies
[16,21]. Importantly, Esslinger et al. [22] later showed that
the reduced interhemispheric prefrontal connectivity was
also apparent during a facial emotion processing task and
during rest, whereas the increased frontotemporal connec-
tivity appeared speciﬁc to working memory processes both
in the original study and in two replication studies [16,21].
This task-independent association of ZNF804A genotype on
interhemispheric prefrontal functional connectivity
prompted the hypothesis that these effects may be mediated
by effects on white matter integrity, especially in anterior
interhemispheric connections. In contrast, the effects of
ZNF804A on frontotemporal connectivity are less likely to
be directly mediated by white matter structure since they
have only been observed in the context of working memory
tasks [21,22] and interact with task condition [16].
In line with this hypothesis, Lencz et al. [23] showed that
individuals homozygous for the ZNF804A risk allele (A)
have reduced total white matter volumes compared to
carriers of the nonrisk allele (C). However, total volumetric
measures lack spatial speciﬁcity and are particularly
susceptible to partial volume effects and segmentation
difﬁculties. DT-MRI is more suited to the study of white
matter, and FA is the most commonly used measure of white
matter integrity in vivo. Surprisingly, using DT-MRI
tractography, Voineskos et al. [19] did not detect any effects
of ZNF804A on FA in the uncinate fasciculi, arcuate
fasciculi, cingulum or corpus callosum of 62 healthy
individuals, 39 C-carriers versus 23 A-homozygotes, aged
between 18 and 59 years.
Taken together, the myelin transcription factor binding
site determined by the A-allele at rs1344706, the task-
independent effects of ZNF804A on functional connectivity,
the high heritability of FA and its association with genetic
risk all converge in the hypothesis that structural connectiv-
ity is a mediator of rs1344706 effects on functional
connectivity. This hypothesis is logically appealing and
readily testable with FA as an objectively measurable
approximation of white matter integrity. In the present
study, we investigated possible effects of ZNF804A on FA
using whole-brain voxel-based analysis and tract-based
spatial statistics (TBSS). Since the only connection affected
by ZNF804A independent of task was between the left and
right prefrontal cortices [22], we further investigated the
anterior part of the corpus callosum as a particular region of
interest (ROI) using quantitative tractography and atlas-
based ROI analyses. Because proving equivalence statisti-
cally entails more than the absence of signiﬁcant difference,
any negative ﬁndings were corroborated with an extensive
examination of statistical power and effect sizes.
2. Materials and methods
DT-MRI and genotype data were analyzed separately in
three samples: a German sample consisting of 50 healthy
individuals, a Scottish sample of 83 healthy controls and a
Scottish sample of 84 unaffected relatives of patients with
bipolar disorder.
2.1. Germany
2.1.1. Subjects
Fifty-nine healthy young Caucasian subjects (mean age:
22.7±1.7 years, range: 18–26 years, 27 males) were
investigated. Participants were only included if there was no
evidence for any medical or neurological condition that could
interfere with the purpose of the study and if there was no
history of any psychiatricDiagnostic and StatisticalManual of
Mental Disorders, Fourth Edition (DSM-IV) axis I or axis II
disorder including current or recent drug or alcohol abuse as
assessed by a structured clinical interview [24]. A formal
medical and neurological examination, including urine
toxicology for illegal drug abuse screening, routine blood
tests and a clinical electroencephalographic session, was also
performed. The subjects did not have a family history of
schizophrenia or bipolar disorder, and all were right-handed.
IQ was assessed with the HAWIE-R (Hamburg-Wechsler
Intelligenztest) Scale [25], which is largely equivalent to the
full-scale Wechsler Adult Intelligence Scale-R [26].
2.1.2. Genotyping
DNA was obtained from venous blood using standard
techniques. SNP rs1344706 from the ZNF804A gene was
genotyped by the analysis of primer extension products
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generated from ampliﬁed genomic DNA using a Sequenom
(Sequenom Inc., San Diego, CA, USA) chip-based Matrix-
assisted laser desorption/ionization Time-of-Flight (MALDI-
TOF) mass spectrometry platform. In brief, polymerase
chain reaction (PCR) and extension reactions were designed
using MassARRAY design software (Sequenom Inc.) and
were carried out using 2.5 ng of template DNA. Unin-
corporated nucleotides in the PCR product were deactivated
using shrimp alkaline phosphatase. The primer extension
products were then cleaned and spotted onto a SpectroChip
with a massARRAY nanodispenser. The chips were scanned
using a mass spectrometry workstation (MassARRAY
compact analyzer, Sequenom Inc.), and the resulting spectra
were analyzed and genotypes determined using the Seque-
nom SpectroTYPER-RT software with a call rate of 100%.
2.1.3. Structural and DT-MRI data acquisition
MRI scanning was performed using a Siemens Sonata
1.5-T clinical system (Siemens Healthcare, Erlangen,
Germany). High-resolution T1-weighted MRI volume
scans were acquired using a magnetization prepared rapid
gradient echo sequence with 176 contiguous slices of 1-mm
thickness, ﬁeld-of-view 256×256 mm, acquisition matrix
256×256, ﬂip angle 15°, repetition time (TR) 2860 ms and
echo time (TE) 3.9ms. DT-MRIwas performed using a single-
shot spin-echo echo-planar imaging (EPI) sequence (TR 8000,
TE 100 ms) with diffusion encoding gradients applied in six
noncollinear directions (b=1000 s/mm²) and one acquisition
without diffusion encoding (b=0 s/mm²). A generalized
autocalibrating partially parallel acquisition reconstruction
algorithmwas used. The acquisition matrix was 128×128with
a ﬁeld of view of 192×192 mm and slice thickness of 2 mm,
giving a voxel resolution of 1.5×1.5×2.0 mm³. Sixty-four
axial slices were acquired to cover the whole brain without
interslice gap. A total of 10 acquisitions were performed
and averaged.
2.1.4. Voxel-based morphometry and diffusion
tensor analyses
Voxel-based morphometry (VBM) was carried out with
an optimized VBM protocol [27] using SPM5 software
(Statistical Parametric Mapping, Wellcome Department of
Cognitive Neurology, London, UK) implemented in Matlab
7.1 (Mathworks Inc., Sherborn, MA, USA). The high-
resolution T1-weighted MRI scans were normalized to a
standard template and segmented into gray matter, white
matter and cerebrospinal ﬂuid. The segmented volumes were
then smoothed with a 6-mm isotropic full-width-half-
maximum (FWHM) Gaussian kernel.
FA and mean diffusivity (MD) were calculated for each
voxel using the FDT toolbox of the FSL software library
(FMRIB, Oxford, UK; http://www.fmrib.ox.ac.uk/fsl). The
images were checked by eye for motion and other scanner
artifacts, which led to the exclusion of nine participants. The
T2-weighted volumes were then normalized to the Montreal
Neurological Institute (MNI) T2-weighted template using
SPM2 software implemented in Matlab 6.5. Identical
normalization parameters were used for warping of the
FA and MD volumes to standard MNI space. The resulting
FA and MD volumes were then smoothed with a 6×6×6-mm
FWHM Gaussian kernel to improve signal-to-noise ratio
and normalization.
To compare subjects homozygous for the A-risk allele to
C-carriers, voxel-wise t tests were performed in SPM on the
normalized and smoothed T1-weighted, FA and MD
volumes. We adopted a statistical threshold of Pb.05, with
false detection rate correction (FDR) for multiple compar-
isons. Moreover, to avoid false-negative ﬁndings, a second
analysis was performed with an uncorrected threshold
(Pb.001), for which subthreshold cluster sizes were
statistically examined using a nonstationary cluster inference
toolbox for SPM5 based on random ﬁeld theory [28].
2.2. Scotland
2.2.1. Subjects
Participants were recruited as part of a large family study of
bipolar disorder, as described in more detail elsewhere [15].
Individuals in the “high-risk” group had at least oneﬁrst-degree
or two second-degree relatives with a diagnosis of bipolar I
disorder, conﬁrmed using the Structured Clinical Interview for
DSM-IV or the Operational Criteria Checklist (OPCRIT) [29].
Exclusion criteria were any axis 1 psychiatric disorder
including substance dependence, major neurological disorders,
history of head injury, history of learning disability or any
contraindications toMRI examination. IQ was measured using
the Wechsler Abbreviated Scale of Intelligence. In total, 115
high-risk subjects and 86 controls provided both DT-MRI data
and blood samples for genotyping. Because some high-risk
subjects were genetically related, only one of each family was
randomly included to avoid statistical dependence in the
sample, leaving 89 high-risk and 86 controls.
2.2.2. Genotyping
DNA was isolated from venous blood samples, and
genotypes at rs1344706 were determined using TaqMan
polymerase chain reaction (PCR, TaqMan, AssayByDesign,
Applied Biosystems, Foster City, CA, USA) using validated
assays. Call rates were 0.95 for the control group and 0.96
for the high-risk group. The numbers of subjects in each
genotype group did not deviate from the Hardy–Weinberg
equilibrium for either sample (both PN.84).
2.2.3. DT-MRI acquisition and preprocessing
Details about acquisition of DT-MRI data and preproces-
sing are available elsewhere [15]. Brieﬂy, MRI data were
collected using a GE Signa Horizon HDX 1.5-T clinical
scanner (General Electric, Milwaukee, WI, USA). EPI
diffusion weighted volumes (b=1000 s/mm2) were acquired
in 64 noncollinear directions along with seven T2-weighted
scans. Fifty-three 2.5-mm contiguous axial slices were
acquired, with ﬁeld of view 240×240 mm and matrix 96×96,
resulting in an isotropic voxel dimension of 2.5 mm. The data
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were corrected for eddy-current-induced distortions and bulk
subject motion, the brain was extracted, and diffusion tensor
characteristics including FA were calculated using standard
software tools available from FSL. The resulting FA volumes
were visually inspected, and three control participants (1CC,
1AA, 1AC) and ﬁve high-risk participants (2AA, 3AC) were
excluded from further analyses due to motion or other scanner
artifacts. The ﬁnal Scottish sample included 84 high-risk and
83 control participants.
2.2.4. TBSS and voxel-wise statistics
Voxel-based analysis of normalized and smoothed FA
volumes is a practical and widely used technique for voxel-
wise comparisons between subjects, with the advantage that
all white matter is analyzed without the need for a priori ROI.
However, given that white matter morphology varies
between subjects and white mater structure can be very thin
or individually shaped in places, voxel-based methods can be
sensitive to partial volume and misregistration artifacts.
TBSS is a method especially designed to investigate white
matter structure and partially alleviates these potential biases
[30,31]. In this method, all subjects' FA volumes are
nonlinearly registered to a white matter “skeleton” template,
and statistics computed for FA on a voxel-by-voxel basis
within this common skeleton. Firstly, a white matter skeleton
template is created based on the average FA volumes of the
sample. Next, for each subject, the TBSS algorithm searches
each voxel on the individual skeleton for the one with the
highest FA nearby the skeleton template. This maximum
voxel is then projected onto the common skeleton template,
thus creating one skeleton for each subject, which is assumed
to contain the centers of the white matter tracts that are
common to all subjects. Voxel-wise statistics are then
performed on these individual skeletons.
TBSS was carried out using standard procedures freely
available from FSL [31]. The alignment of the skeleton
template with each subject's FA volume was visually
checked, and the template was thresholded at FAN0.2.
(The TBSS skeleton template is shown in Supplementary
Figure 1.) FA values within the skeletons were then
compared between C-carriers and individuals homozygous
for the A-allele in the control and high-risk groups separately
using voxel-wise nonparametric t tests calculated by
“randomise” in FSL. Statistics were corrected for multiple
comparisons according to family-wise error (Pb.05) using
threshold-free cluster enhancement (TFCE) [32]. Addition-
ally, to look for any clusters on trend level, the raw T-statistic
images were thresholded at TN3.41, equivalent to Pb.001
(df=82). For the control group, an additional analysis was
performed with age included as a covariate.
2.2.5. Small volume correction (SVC) — ROI analysis
Because two previous studies [20,22] showed that
ZNF804A was related to task-independent functional con-
nectivity between the dorsolateral prefrontal cortices, an SVC
was applied to include only voxels within the skeleton and the
body and genu of corpus callosum (Supplementary Figure 2).
In the presence of a priori hypotheses, the use of an SVC
increases statistical power by restricting the analysis to a
speciﬁc region, thereby decreasing the penalty of multiple
comparison correction over many voxels.
The SVC was created using the John Hopkins University
white matter labels atlas in MNI space [33], thresholded to
include only the genu and body of corpus callosum,
smoothed (FWHM 1.1 mm), binarized and multiplied with
the skeleton mask to include only voxels that were in both
the skeleton and the corpus callosum SVC. Voxel-wise
analysis was rerun with this SVC applied as a mask.
In addition, using the SVC as an ROI, the average FA was
extracted from this region and compared between genotype
groups using independent-sample t tests. (Of note, by
merging the body and genu of corpus callosum, we are
compromising the power to detect any very focal signals,
which are more likely to be detected in the voxel-wise
analysis with SVC, while gaining power to detect more
diffuse signals within the corpus callosum.) Because one
extreme outlier (N3 interquartile ranges from the median)
was observed in the high-risk group, an additional analysis
excluding this individual was performed.
2.2.6. Quantitative tractography
ROIs like those described above require normalization,
which again makes them susceptible to misregistration and
partial volume effects. Tractography refers to the segmen-
tation, or tracing, of major white matter ﬁber pathways in
individual brains based on water diffusion properties. The
main advantages of tractography are that it allows tracts to be
segmented in native space, can account for interindividual
differences in structure to a much higher degree than any
voxel-wise method and can be performed completely
automatically. Furthermore, some algorithms incorporate
the uncertainty in the principal diffusion direction at each
voxel and can model multiple ﬁber directions per voxel [34].
Such methods generally give a better representation of the
underlying anatomy and allow the tract-averaged FA values
to be weighted according to the probability that a voxel is
connected to the seed [35].
To segment the genu of corpus callosum, probabilistic
neighborhood tractography (PNT) [35], an automatic
method which reduces tractography's dependency on seed
point location, was applied. First, the seed point of a
reference tract derived from a digital human white matter
atlas [14] was transferred to each subject's native space.
Next, the BedpostX/ProbtrackX tractography algorithm [34]
was run with 5000 streamlines and a two-ﬁber model, for
each voxel within a 7×7×7-voxel neighborhood surrounding
the seed point, creating a large number of candidate tracts.
The PNT algorithm then automatically selects the tract from
amongst this group of candidates that best matches the
reference tract with respect to shape and length. The
segmentations resulting from PNT were visually checked
to conﬁrm that none of the tracts were truncated, excessively
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branched or otherwise deviant from expected anatomy. (An
example of a genu segmentation is shown in Supplementary
Figure 2.) Average FA values within the segmented tract,
weighted according to the likelihood the voxel was
connected to the seed, were compared between genotype
groups using independent-samples t tests for the control
group and high-risk group separately. Again, there was one
extreme outlier in the high-risk group who was removed in
an additional t test.
Finally, to verify that any dominant or otherwise
nonlinear effects of ZNF804A on FA were not obscured by
combining the CC and AC genotype groups, we performed
analyses of variance of all three genotype groups on average
FA within the genu and the corpus callosum SVC.
2.2.7. Power considerations
Post hoc power calculations are controversial because
they are often based on the observed effect size involving
circular reasoning and a “power paradox” where higher (less
signiﬁcant) P values correspond to both lower observed
power and more evidence for the null hypothesis [36].
Therefore, we applied more than one methodological
approach to our power calculations, none of which were
subjected to the circularity problem common to many post
hoc power calculations (see Supplementary Materials).
For the ROI and PNT averages, we examined the
following: (1) conﬁdence intervals around the observed
group differences in relation to effects typically observed in
similar studies, (2) the power of our study to detect such a
typical effect size and (3) the sample size that would be
required to obtain a signiﬁcant result given our own observed
effect size. In each of these calculations, we avoided using
both our observed effect size and sample-size-dependent
observed statistics at the same time. Details of these power
calculations can be found in the Supplementary Methods.
3. Results
Allele frequencies of rs1344706 in these samples were
similar to those reported previously (Table 1) [1]. There were
no signiﬁcant deviations from Hardy–Weinberg equilibri-
um. No statistically signiﬁcant differences (all PN.84)
between rs1344706 genotype groups were found in age,
sex, education and IQ for any of the samples, apart from an
age difference in the Scottish control sample (Table 1).
In the German sample, voxel-based analysis of FA, MD
or regional brain volumetric measures did not result in any
signiﬁcant differences between rs1344706 genotype groups
in any brain region either on the voxel level (all PFDRN.37) or
on the cluster level (all PN.49; Supplementary Table 1).
Similarly, using TBSS, no signiﬁcant differences in FA were
found between the genotype groups in either the control or
high-risk samples of the Scottish study (all PN.38). No
signiﬁcant differences were found in the Scottish control
sample after the model was adjusted for the effect of age
(PN.37). Histograms of raw T-statistics within the TBSS
skeletons were symmetrically distributed around zero.
The application of an SVC over the body and genu of
corpus callosum did not result in any FA differences between
ZNF804A genotype groups using voxel-wise statistics with
TFCE (PN.37). Average FA within the corpus callosum ROI
also did not differ between genotype groups for the control
(T=−0.29, P=.78) and high-risk (T=−0.23, P=.82) groups.
Correspondingly, no signiﬁcant genotype effects were found
with PNT for genu in the Scottish samples (controls:
T=0.58, P=.57; high-risk group: T=0.55, P=.58). Removal
of the extreme outlier in the high-risk group did not change
this negative result (tractography: T=0.02, P=.99; ROI:
T=0.20, P=.84). As shown in Fig. 1, there were no trends in
Table 1
Demographic characteristics of the three samples
rs1344706 German sample Scottish control sample Scottish high-risk sample
AA AC+CC P AA AC+CC P AA AC+CC P
N 19 24+7 31 39+13 37 36+11
Age (years) 23.1±1.2 22.5±2 .20 21.8±2.3 20.7±2.4 .03 21.4±2.8 21.4±2.8 .94
Sex (M/F) 9/10 16/15 .78 14/17 23/29 .93 17/20 22/25 .94
IQ 117.9±8 117.3±12.5 .91 111.7±11.9 112.2±13.1 .84 108.0±13.9 104.6±14.4 .28
Fig. 1. ZNF804A effect sizes on FA in the anterior corpus callosum in the
Scottish samples. Ninety-ﬁve percent conﬁdence intervals around mean
genotype group differences in the PNT and ROI analyses in the Scottish
samples. HC=healthy control group, HR=high-risk group, ROI=region of
interest of genu & body of corpus callosum. Note that typical effect sizes for
FA range between 0.05 and 0.10 FA units, which lie comfortably outside the
range of the 95% conﬁdence intervals of our comparisons.
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either direction for any of the comparisons. Finally, analyses
of variance comparing all three genotype groups with respect
to average FA within the genu and body of corpus callosum
ROI were all nonsigniﬁcant, with or without outlier (all
Fb0.75, all PN.49), indicating that there were no nonlinear
or dominant effects of the risk allele that may have been
obscured by combining the CC and AC groups.
In summary, whole-brain, TBSS, ROI and PNT results
were consistently negative. This ﬁnding is unlikely to be due
to a lack of statistical power since, based on observed effect
sizes and the most optimistic of power calculations, a sample
size of more than 7000 people would be needed to produce a
signiﬁcant positive ﬁnding. Furthermore, other genes
previously associated with FA typically showed group
differences between 0.05 and 0.10 FA units, which are far
outside the 95% conﬁdence intervals based on our results
(Fig. 1); this study had 83% power to detect an FA difference
as small as 0.02 (see SupplementaryMethods for full details).
4. Discussion
To date, the rs1344706 locus in ZNF804A is statistically
the best supported SNP in association with schizophrenia
and the wider psychosis phenotype [1–5], but the mecha-
nisms by which it may affect susceptibility to psychosis are
poorly understood. Associations of ZNF804A with cognitive
and imaging phenotypes [19,20,22,23,37–39] indicate that
the gene modulates brain function and is involved in higher
cognitive processes.
Here, we present a thorough investigation of the
relationship between genotype at rs1344706 of the
ZNF804A gene and white matter integrity of the brain. Our
study was motivated by a strong a priori hypothesis based on
previous associations of this SNP with task-independent
functional connectivity [20,22], the recent knowledge that
the risk genotype at this SNP is responsible for creating a
myelin transcription factor binding site [2,19] and FA as an
established intermediate phenotype [17]. Despite the use of
various analyses methods and efforts to increase statistical
power in three adequately sized samples, results were
remarkably and consistently negative. No trends were
observed, with group means differing randomly in either
direction and histograms of T-statistics normally distributed
around zero. Quantitative power calculations all suggested
that if there were any true effects, they must be far smaller
than what is typical for imaging genetics studies to have
remained undetected in the present study. Moreover, such a
small effect would only be able to explain a small portion of
the strong associations (zN3.5) between ZNF804A and
prefrontal functional coupling previously reported [16,20–
22] and thus would have limited mediating power.
There are several possible explanations for the apparent
discrepancy between the effects of ZNF804A on task-
independent functional connectivity [20,22] and its lack of
effect on structural connectivity. With regard to methodol-
ogy, possible explanations are population heterogeneity, lack
of statistical power in the current study and limitations of
both DT-MRI- and fMRI-based functional connectivity
methods. In general, the interpretation of functional
connectivity derived from fMRI is complicated by factors
such as task-dependent effects, the possibility of activation in
a third area modulating the correlation between two areas of
interest, as well as the inherent limitations of fMRI including
regional differences in blood-oxygen-level dependence
response, and limited temporal and spatial resolution.
Hence, the relationship of functional connectivity to
structural connectivity is not entirely clear. On the other
hand, DT-MRI is also limited by spatial resolution and tensor
modeling, and voxel-wise FA analysis is obscured by co-
registration errors, partial volume effects and the arbitrary
choice of smoothing kernels [40]. TBSS is less susceptible to
these nuisance effects, but is limited by nonstationarity (of
variance) across the skeleton [41]. However, as we showed
consistent results across both of these methods, as well as in
the ROI and PNT analyses, the limitations of speciﬁc DT-
MRI processing pipelines are unlikely to have affected all of
our results simultaneously. A more important limitation of
DT-MRI here is that the scale at which FA is measured
means it would fail to detect small-scale differences in
structural integrity, especially when at the synapse or near
the gray matter, away from large ﬁber bundles. It is also
possible that the reported effects of ZNF804A were sample
speciﬁc since most previous observations of ZNF804A
effects on cognitive and imaging phenotypes were derived
from the same or largely overlapping samples [20,22,37],
and recent replication efforts have not been entirely
consistent, with one replication [16] which did not survive
multiple testing corrections and another study replicating the
frontotemporal connectivity results but not the interhemi-
spheric prefrontal disconnectivity [21].
Perhaps the most likely explanation is that ZNF804A has
an effect on functional connectivity but not on white matter
structure, for example, by interacting with neurotransmitter
synthesis or release, with receptor afﬁnity or density, or
because of common thalamic input. Gray matter integrity
is also a possible mediator, for example, through local
dendrite density or growth or, as suggested in Ref. [19],
oligodendrocytes within the cortical neuropil. The latter is
compatible with the A-allele in rs1344706 creating a myelin
transcription factor binding site [2,19] and with the
association with regional variation in cortical thickness. In
vitro and animal research into the molecular and cellular
functions of ZNF804A should investigate the plausibility of
such mechanisms.
5. Conclusion
We were unable to detect any effects of ZNF804A
genotype on white matter integrity in any of our three
samples using four different DT-MRI analysis methods. This
1378 E. Sprooten et al. / Magnetic Resonance Imaging 30 (2012) 1373–1380
is the second [19] thorough investigation, using state-of-the-
art imaging methods and adequate sample sizes, reporting no
association of ZNF804A with FA in healthy individuals.
These data therefore suggest that task-independent effects of
ZNF804A on interhemispheric prefrontal functional connec-
tivity are unlikely to be mediated by structural integrity
differences in the corpus callosum.
Acknowledgments
We would like to thank all the participants and their
families for taking part in the studies and the many clinicians
who referred patients to the studies. For the Scottish study,
MRI was carried out at the Brain Research Imaging Centre
(http://www.sbirc.ed.ac.uk), Division of Clinical Neurosci-
ences, University of Edinburgh, a core area of the Wellcome
Trust Clinical Research Facility (http://www.wtcrf.ed.ac.uk)
and part of the SINAPSE collaboration (http://www.sinapse.
as.uk). For the Scottish study, the preprocessing was
performed in a parallel environment provided by the
Edinburgh Compute and Data Facility. The Division of
Psychiatry of the University of Edinburgh acknowledges the
ﬁnancial support of National Health Service Research
Scotland, through the Scottish Mental Health Research
Network. For the German study, MRI and preprocessing
were carried out at the Institute of Neuroradiology,
University Medical Center of the Johannes Gutenberg-
University Mainz (http://www.unimedizin-mainz.de).
Support for the German study was provided by an in-
house research grant.
The author A.M.M. is currently supported by the
Health Foundation through a clinical scientist fellowship
and by the National Alliance for Research on Schizo-
phrenia and Depression through an Independent Investi-
gator Award. The author J.H. is currently supported by a
Scottish Senior Clinical Fellowship, J.E.S. is supported by
a Clinical Research Fellowship from the Wellcome Trust,
and E.S. is supported by the Clinical Centre for Brain
Sciences, Edinburgh.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.mri.2012.05.013.
References
[1] O'Donovan MC, Craddock N, Norton N, Williams H, Peirce T,
MoskvinaV, et al. Identification of loci associatedwith schizophrenia by
genome-wide association and follow-up. Nat Genet 2008;40:1053–5.
[2] Riley B, Thiselton D, Maher BS, Bigdeli T, Wormley B, McMichael
GO, et al. Replication of association between schizophrenia and
ZNF804A in the Irish Case–control Study of Schizophrenia sample.
Mol Psychiatry 2010;15:29–37.
[3] Steinberg S, Mors O, Børglum AD, Gustafsson O, Werge T,
Mortensen PB, et al. Expanding the range of ZNF804A variants
conferring risk of psychosis. Mol Psychiatry 2011;16:59–66.
[4] Zhang R, Lu SM, Qiu C, Liu XG, Gao CG, Guo TW, et al. Population-
based and family-based association studies of ZNF804A locus and
schizophrenia. Mol Psychiatry 2011;16:360–1.
[5] Williams HJ, Norton N, Dwyer S, Moskvina V, Nikolov I, Carroll L,
et al. Fine mapping of ZNF804A and genome-wide significant
evidence for its involvement in schizophrenia and bipolar disorder.
Mol Psychiatry 2011;16:429–41.
[6] Donohoe G, Morris DW, Corvin A. The psychosis susceptibility gene
ZNF804A: associations, functions, and phenotypes. Schizophr Bull
2010;36:904–9.
[7] Glahn DC, Thompson PM, Blangero J. Neuroimaging endopheno-
types: strategies for finding genes influencing brain structure and
function. Hum Brain Mapp 2007;28:488–501.
[8] Chiang MC, McMahon KL, de Zubicaray GI, Martin NG, Hickie I,
Toga AW, et al. Genetics of white matter development: a DTI study of
705 twins and their siblings aged 12 to 29. Neuroimage 2011;54:
2308–17.
[9] Kochunov P, Glahn DC, Lancaster JL, Winkler AM, Smith S,
Thompson PM, et al. Genetics of microstructure of cerebral white
matter using diffusion tensor imaging. Neuroimage 2010;53:1109–16.
[10] Ellison-Wright I, Bullmore E. Meta-analysis of diffusion tensor
imaging studies in schizophrenia. Schizophr Res 2009;108:3–10.
[11] Mahon K, Burdick KE, Szeszko PR. A role for white matter in the
pathophysiology of bipolar disorder. Neurosci Biobehav Rev 2010;34:
533–54.
[12] Chaddock CA, Barker G, Marshall N, Schulze K, Hall MH, Fern A,
et al. White matter microstructural impairments and genetic liability to
familial bipolar I disorder. Br J Psychiatry 2009;194:527–34.
[13] Hoptman MJ, Nierenberg J, Bertisch HC, Catalano D, Ardekani BA,
Branch CA, et al. A DTI study of white matter microstructure in
individuals at high genetic risk for schizophrenia. Schizophr Res 2008;
106:115–24.
[14] Muñoz-Maniega S, Bastin ME, McIntosh AM, Lawrie SM, Clayden
JD. Atlas-based reference tracts improve automatic white matter
segmentation with neighbourhood tractography. Proceedings of the
ISMRM 16th Scientific Meeting and Exhibition Berkeley, CA:
ISMRM; 2008. p. 3318.
[15] Sprooten E, Sussmann JE, Clugston A, Peel A, McKirdy J, et al. White
matter integrity in individuals at high genetic risk of bipolar disorder.
Biol Psychiatry 2011;70:350–6.
[16] Rasetti R, Sambataro F, Callicott JH, Mattay VS, Weinberger DR.
Altered cortical network dynamics: a potential intermediate phenotype
for schizophrenia and association with ZNF804A. Arch Gen
Psychiatry 2011;68:1207–17.
[17] Winterer G, Coppola R, Egan MF, Goldberg TE, Weinberger DR.
Functional and effective frontotemporal connectivity and genetic risk
for schizophrenia. Biol Psychiatry 2003;54:1181–92.
[18] Glahn DC, Winkler AM, Kochunov P, Almasy L, Duggirala R, Carless
MA, et al. Genetic control over the resting brain. Proc Natl Acad Sci U
S A 2010;107:1223–8.
[19] Voineskos AN, Lerch JP, Felsky D, Tiwari A, Rajji TK, Miranda D,
et al. The ZNF804A gene: characterization of a novel neural risk
mechanism for the major psychoses. Neuropsychopharmacology 2011;
36:1871–8.
[20] Esslinger C, Walter H, Kirsch P, Erk S, Schnell K, Arnold C, et al.
Neural mechanisms of a genome-wide supported psychosis variant.
Science 2009;324:605.
[21] Paulus FM, Krach S, Bedenbender J, Pyka M, Sommer J, Krug A. et al.
Partial support for ZNF804A genotype-dependent alterations in
prefrontal connectivity. Hum Brain Mapp 2011; E-pub ahead of print.
[22] Esslinger C, Kirsch P, Haddad L, Mier D, Sauer C, Erk S, et al.
Cognitive state and connectivity effects of the genome-wide significant
psychosis variant in ZNF804A. Neuroimage 2011;54:2514–23.
[23] Lencz T, Szeszko PR, DeRosse P, Burdick KE, Bromet EJ, Bilder RM,
et al. A schizophrenia risk gene, ZNF804A, influences neuroanatom-
ical and neurocognitive phenotypes. Neuropsychopharmacology 2010;
35:2284–91.
1379E. Sprooten et al. / Magnetic Resonance Imaging 30 (2012) 1373–1380
[24] First M. Structured clinical interview for DSM-IV axis I disorders:
SCID-I administration booklet (clinician version, 9). Arlington Va:
American Psychiatric Publ; 2008.
[25] Tewes U. HAWIE-R: Hamburg-Wechsler-Intelligenztest fur Erwach-
sene, revision 1991 Handbuch und Testanweisung. 2nd ed. 1994. Bern;
Goettingen; Toronto; Seattle.
[26] Kaplan E, Fein D, Morris R. WAIS-R as a neuropsychological
instrument. New York: The Psychological Corporation; 1991.
[27] Ashburner J, Friston KJ. Voxel-based morphometry — the methods.
Neuroimage 2000;11:805–21.
[28] Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE.
Nonstationary cluster-size inference with random field and permuta-
tion methods. Neuroimage 2004;22:676–87.
[29] McGuffin P, Farmer A, Harvey I. A polydiagnostic application of
operational criteria in studies of psychotic illness. Development and
reliability of the OPCRIT system. Arch Gen Psychiatry 1991;48:
764–70.
[30] Zaleski A. Moderating registration misalignment in voxelwise
comparisons of DTI data: a performance evaluation of skeleton
projection. Magn Reson Imaging 2011;29:11–25.
[31] Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE,
Mackay CE, et al. Tract-based spatial statistics: voxelwise analysis of
multi-subject diffusion data. Neuroimage 2006;31:1487–505.
[32] Smith SM, Nichols TE. Threshold-free cluster enhancement: addres-
sing problems of smoothing, threshold dependence and localisation in
cluster inference. Neuroimage 2009;44:83–98.
[33] Mori S, Faria AV, van Zijl PCM, Oishi K. MRI atlas of human white
matter. 2nd ed. Amsterdam: Elsevier/Academic Press; 2011.
[34] Behrens TEJ, Johanssen-Berg H, Jbabdi S, Rushworth MFS, Woolrich
MW. Probabilistic diffusion tractography with multiple fibre orienta-
tions: what can we gain? Neuroimage 2007;34:144–55.
[35] Clayden JD, Storkey AJ, Muñoz-Maniega S, Bastin ME. Reproduc-
ibility of tract segmentation between sessions using an unsupervised
modelling-based approach. Neuroimage 2009;45:377–85.
[36] Hoenig JM, Heisey DM. The abuse of power. Am Stat 2001;55:19–24.
[37] Walter H, Schnell K, Erk S, Arnold C, Kirsch P, Esslinger C, et al.
Effects of a genome-wide supported psychosis risk variant on neural
activation during a theory-of-mind task. Mol Psychiatry 2011;16:
462–70.
[38] Walters JT, Corvin A, OwenMJ, Williams H, Dragovic M, Quinn EM,
et al. Psychosis susceptibility gene ZNF804A and cognitive perfor-
mance in schizophrenia. Arch Gen Psychiatry 2010;67:692–700.
[39] Hashimoto R, Ohi K, Yasuda Y, Fukumoto M, Iwase M, Iike N, et al.
The impact of a genome-wide supported psychosis variant in the
ZNF804A gene on memory function in schizophrenia. Am J Med
Genet B Neuropsychiatr Genet 2010;153B:1459–64.
[40] Jones DK, Symms MR, Cercignani M, Howard RJ. The effect of
filter size on VBM analysies of DT-MRI data. Neuroimage 2005;26:
546–54.
[41] Edden RA, Jones DK. Spatial and orientational heterogeneity in the
statistical sensitivity of skeleton-based analyses of diffusion tensor MR
imaging data. J Neurosci Methods 2011;201:213–9.
1380 E. Sprooten et al. / Magnetic Resonance Imaging 30 (2012) 1373–1380
